PKD1 is the major locus of the common genetic disorder autosomal dominant polycystic kidney disease (ADPKD). Analysis of the predicted protein sequence of the human PKD1 gene, polycystin, shows a large molecule with a unique arrangement of extracellular domains and multiple putative transmembrane regions. The precise function of polycystin remains unclear with a paucity of mutations to define key structural and functional domains. To refine the structure of this protein we have cloned the genomic region encoding the Fugu PKD1 gene. Fugu PKD1 spans 36 kb of genomic DNA and has greater complexity with 54 exons compared with 46 in man. Comparative analysis of the predicted protein sequences shows a lower level of homology than in similar studies with identity of 40 and 59% similarity. However key structural motifs including leucine rich repeats (LRR), a C-type lectin and LDL-A like domains and 16 PKD repeats are maintained. A region of homology with the sea urchin REJ protein was also confirmed in Fugu but found to extend over 1000 amino acids. Several highly conserved intra-and extra-cellular regions, with no known sequence homologies, that are likely to be of functional importance were detected. The likely structure of the membrane associated region has been refined with similarity to the PKD2 protein and voltage gated Ca 2+ and Na + channels highlighted over part of this area. The overall protein structure has therefore been clarified and this comparative analysis derived structure will form the basis for the functional study of polycystin and its individual domains.
INTRODUCTION
Mutations at the PKD1 locus account for 85% of cases of the common genetic disorder autosomal dominant polycystic kidney disease (1) . The pathogenesis of ADPKD, a systemic condition characterised by progressive renal cystic disease and other extrarenal cystic and noncystic manifestations, remains poorly understood. A wide variety of abnormalities in epithelial cell growth and differentiation have been described in ADPKD and other human and animal models of cystic kidney disease but the precise molecular mechanisms involved in cyst development are unidentified (2) . The cloning of PKD1 (3) provides an important opportunity to determine the primary molecular events in cystogenesis and the pathways involved in maintaining normal epithelial cell structure and differentiation.
The PKD1 gene encodes a novel protein, polycystin, whose primary structure predicts a large membrane spanning glycoprotein with multiple domains that may be involved in cell-cell or cell-matrix interactions (4) . These domains include a leucine-rich repeat (LRR), a carbohydrate-binding domain, multiple immunoglobulin-like (PKD) domains and a region described as having similarity to fibronectin-type III domains and a newly described sea urchin Receptor for Egg Jelly (REJ) protein involved in sperm-egg interactions (4, 5) . Much of the 14.1 kb PKD1 transcript is reiterated several times elsewhere on chromosome 16 which has made full characterisation of the gene and pathogenic mutations very difficult (3) . Immunolocalisation studies with anti-polycystin antibodies favours renal tubular and cystic epithelial expression although variation exists between *To whom correspondence should be addressed. Tel: +44 1223 331755; Fax: +44 1223 336846; Email: rsandfor@med.cam.ac.uk + Present address: The Sanger Centre, Hinxton Hall, Hinxton, Cambridge, CB10 1RQ, UK different published reports (6, 7) . Therefore the precise function of polycystin remains unclear with a lack of consensus both on the protein's structure and its subcellular localisation, plus a paucity of mutations to define key structural and functional domains.
To refine structural predictions and identify potential functional regions of polycystin we have examined the sequence conservation of the PKD1 protein across vertebrate evolution using the Fugu genome (8) . Characterisation of the Fugu genome has permitted the analysis of genes across 400 million years of vertebrate evolution using its small size and simplicity to rapidly identify homologues and other conserved sequences (9) . Whilst many Fugu genes have highly conserved coding sequence but minimal or absent noncoding similarity, the evolutionary distance between teleosts and man can be exploited to highlight sequence divergence that readily identifies highly conserved regions as being potentially functionally important (10) . The complete sequence of the Fugu homologue of the PKD1 gene has been determined by analysis of two previously reported cosmid clones (11) . They were shown to contain the entire PKD1 gene together with homologues of TSC2 and SSTR5 defining a conserved synteny group. Both cosmids were sequenced to generate a single contig that had homology to the entire human PKD1 gene. Low overall sequence identity has allowed the clear definition of highly conserved domains. The protein structure has been clarified, including confirmation and refinement of the domain structure, membrane associated region and a large region with homology to the sea urchin REJ protein (5) . In addition we report the identification of potential novel functional domains by sequence homology which will permit the rational design of domain specific reagents for their in vivo and in vitro functional analysis.
RESULTS

Isolation and sequencing of the Fugu PKD1 gene
The sequence of the Fugu PKD1 gene was determined by analysis of 65 kb of contiguous genomic sequence derived from cosmid clones 295C6 and 48D10 (11) . Sequence similarity to human PKD1 was initially identified using BLAST (12) and FASTA (13) and regions of the contig annotated with the human exon equivalent. Homologies to human PKD1 exons 1 and 46 confirmed the presence of the entire Fugu homologue on this contig. The human polycystin sequence was also used to search for regions of similarity in a three frame translation of the Fugu genomic sequence using DOTTER (14) and MacVector TM . Completion of the assembly for the Fugu gene was performed using Xgrail (15) to predict further candidate exons and RT-PCR, using primers from regions of significant homology, to confirm intron-exon boundaries and exons with low homology. RT-PCR did not reveal any evidence of significant alternative splicing in RNAs isolated from multiple tissues although brain tissue was unavailable (unpublished data).
Predicted structure of Fugu PKD1
Unlike many other reported Fugu genes (9), Fugu PKD1 showed only minimal reduction in genomic size (36 kb compared with 52 kb for human), and had greater complexity with 54 exons compared with the 46 in the human gene (Fig. 1) . The reduction in genomic size was accounted for solely by the difference in size of intron 1, 6.7 kb versus 17 kb. Additional introns were found in exons 5, 11, 15, and 23, with the 3.6 kb human exon 15 represented over five Fugu exons (15a-15e), the largest being 2.3 kb (15a). With the exception of the novel introns all other intron splice sites were in the same position and phase as those of the human gene. Using pairwise alignments and GC content analysis of intron sequences no evidence for other alternatively spliced exons was found in a manner analogous to exon 31 of the TSC2 gene (16) . However a region of 90% identity over 31 nucleotides was identified in intron 1 from both PKD1 sequences ( Fig. 1) . RT-PCR provided no evidence for it representing part of an additional transcribed exon. Except for a complex repeat lying 8 kb 5′ to Fugu PKD1 no other repetitive elements were identified in the 65 kb of Fugu genomic sequence. No region of similarity to the long polypyrimidine tract seen in intron 21 of the human was found (17) .
Interspecies comparison
The 13.7 kb Fugu PKD1 open reading frame predicted a protein of 4572 aa compared with 4302 aa for the human sequence. The Figure 2 . Similarity plot of the aligned Fugu and human polycystin sequences. Protein sequences were aligned using PileUp and similarity scores calculated using PlotSimilarity from the GCG software package (33) . A window of 75 residues was used in PlotSimilarity. Amino acid position is plotted against similarity score with 1.5 representing 100% similarity. Average similarity is shown by the dashed line. A schematic representation of polycystin domains is shown to demonstrate the highly conserved regions of the protein. These include PKD repeat X, regions of the REJ domain, the first cytoplasmic loop and the juxtamembrane region of the cytoplasmic tail. predicted molecular weight of 500 kDa is likely to be a considerable underestimate as many of the predicted domains are heavily glycosylated in other species (5, 18) and >50% of the potential N-glycosylation sites predicted in the Fugu sequence correspond to those identified in the human sequence (4). The low overall sequence identity of 40% (59% similarity) with human polycystin readily allowed the identification of regions of particular homology (Fig. 2) . These included the LRR, PKD domains III and X, the REJ domain, several cytoplasmic loops in the transmembrane (TM) region and the juxta-membrane region of the cytoplasmic tail.
The key residues of the leucine rich repeats and C type lectin domain were highly conserved in the Fugu protein but only the cysteine residues of the proposed LDL-A like domain (18) were identified. Sixteen internally repeated PKD domains (18) were also clearly identified agreeing with the number predicted by Hughes et al. (4) . They had only minimal identity to immunoglobulin domains which did not allow grouping in to a particular structural set (19) . However, sequence comparison with a hidden Markov model (20) did not support the presence of fibronectin type III domains; instead this region had homology to the sea urchin sperm protein, REJ (5) . Similarity between the human and Fugu polycystin sequence and the REJ protein was found over more than 1000 aa of the C terminus of the REJ protein (Fig. 2) extending the homologous region previously described (5) .
Analysis of the predicted Fugu protein sequence also identified multiple hydrophobic regions in the C-terminal one third of the protein (Fig. 3a) with the first hydrophobic region corresponding to the single TM domain of the REJ protein (Figs 2 and 3) . Alignments of the Fugu and human PKD1 (4) and human PKD2 sequences (21) were used to predict potential TM regions and their topology with PredictProtein (22) . Multiple TM domains were predicted with high probability scores attached to 9 or 11 (TM I-XI) maintaining the previously predicted topology of the protein (4). Eight of the previously described TM domains were confirmed (TM 3-10). TM 1 and 2 were not confirmed and this region formed part of the REJ domain. The final six transmembrane domains in the model containing 11, align with the 6 predicted in PKD2 (Fig. 3) , including a new more C-terminal location for the 11th TM domain, adding weight to this prediction. Two of the predicted cytoplasmic loops, those bounded by TM I-II and V-VI, showed a high level of homology (Fig. 2) . A conserved tyrosine kinase phosphorylation site was also located on the intracellular loop between TM V-VI. Potential N-glycosylation sites in this region were also confined to a single predicted extracellular region between TM VI-VII.
Marked differences were noted in the cytoplasmic tail with the Fugu domain spanning 346 aa compared with 199 in the human sequence calculated from the revised TM XI. The region immediately adjacent to this TM domain demonstrated 82% identity (88% similarity) over 50 aa suggesting an important functional role. In addition to conserved tyrosine kinase and protein kinase C phosphorylation sites (4) a conserved coiled-coiled domain was found in Fugu that has previously been predicted in the human sequence (Fig. 4) (23,24) .
DISCUSSION
Comparative analysis of the PKD1 gene has demonstrated an evolutionary conserved sequence which forms part of a conserved synteny group (11) . Its description across 400 million years of vertebrate evolution and the conservation of its domain structure suggest that it has an important role in normal cellular physiology. Whether this domain structure is present in non-vertebrate homologues remains to be determined. The low overall sequence identity of 40% (59% similarity) with human showing the probability of forming a coiled-coil structure (y axis) against amino acid number (x axis) with a window size of 28 residues. The predicted coiled-coils are illustrated as heptad repeats (4193-4248 aa human; 4374-4408 aa Fugu) with hydrophobic residues in the a and d positions boxed. A probable coiled-coil with homology with intermediate filaments is found in humans. The corresponding region in Fugu is predicted to contain a shorter coiled-coil with a stutter of 4 residues. The heptad were predicted on the basis of their simularity to a database of known two-stranded coiled-coils as represented by the MTIDK matrix and 2.5 weighting for the a and d positions was used to reduce bias towards hydophilic, charge rich portions of the large proteins. The analysis was performed at the WWW-server of the ISREC Bioinformatic Group (http://ulrec3.unil.ch/software/ COILS-form.html).
polycystin suggests that tertiary structure, rather than absolute sequence identity, is necessary for the function of much of the protein. The low overall sequence identity also readily identifies highly conversed but unique areas of the protein that may interact with other proteins or define critical functional and structural domains. Compared with the previously described structure of polycystin (4, 5, 17, 18) several new domains are clearly apparent. The Fibronectin type III domains and the first two TM domains of the original model of polycystin have been replaced with a single REJ domain of ∼1000 aa based on the data of Moy et al. (5) and homology with the Fugu sequence. Several cytoplasmic loops of the membrane associated region of polycystin and the juxtamembrane portion of the cytoplasmic tail are also identified by their level of similarity ( Table 1 ).
The presence of leucine rich repeats, a carbohydrate binding domain and a region with similarity to an LDL-A domain all suggest that extracellular protein-protein interactions form the basis of polycystin function. This may also be predicted by the presence of multiple Ig-like (PKD) domains but their weak similarity to known Ig sets and the lack of known function of any other similar structures does not allow precise functional predictions to be made based on their sequence alone. The weak similarity of the C-terminal region to the Caenorhabditis elegans predicted protein, ZK945.9 similarly provides no clues to the function of polycystin but homology to the PKD2 predicted protein and the REJ protein in sea urchin suggests that polycystin's role may be in regulating ion transport in epithelial cells (5, 21) . The REJ protein is a membrane glycoprotein, which also contains two C type lectin domains, that interacts with egg extracellular glycoproteins to regulate the sperm acrosome reaction, a process characterised by alterations in Na + and Ca 2+ ion channel function (5) . As the protein product of the PKD2 gene has homology to a family of voltage-gated Ca 2+ channels in addition to PKD1 this suggests a physiological role for polycystin in regulating transmembrane Ca 2+ fluxes. Amino acid residues corresponding to the domain predictions in Fugu polycystin are given with the revised predictions for the human sequence.
Previous descriptions of human polycystin identified a C-terminal region with multiple hydrophobic domains (17, 18) , with a suggested structure of 11 transmembrane (TM) domains (3). This predicted an extracellular location for the N-terminal region, supported by the presence of a signal peptide, the location of known extracellular domains and possible N-glycosylation sites, and a short cytoplasmic COOH-terminus. This hypothesis that polycystin is membrane bound with multiple passes is greatly strengthened by comparative analysis across vertebrate evolution with the Fugu homologue. The revised model of polycystin also includes 11 TM domains (TM I-XI) but re-defines the extent of the extracellular and cytoplasmic regions (Table 1) . Interestingly, the homologous PKD1 TM9 and PKD2 TM4 regions show similarity to the voltage-sensing α helices (TM4) of voltage-gated channel subunits (Fig. 3b) , with positively charged amino acids at every third residue. This similarity strengthens the predicted TM topology and suggests that these regions of polycystin and PKD2 could be subunits of a voltage-gated channel. It should be noted, however, that the pattern of positively charged residues is not complete in the human PKD molecules and that a similar structure is found in some cyclic nucleotide gated channels (Fig. 3b) which are only weakly voltage dependent, suggesting an ancestral rather than functional relationship.
Other conserved sequences found in polycystin include a possible coiled-coil domain and several phosphorylation sites in the cytoplasmic tail. Analysis of Fugu polycystin predicts a possible coiled-coil in the corresponding region, although with a lower level of certainty (Fig. 4) . Closer inspection of this predicted motif shows a limited number of repeats interrupted with a partial unit which may disrupt the amphipathic structure. Furthermore, the first heptad contains a proline residue which is also likely to disrupt the alpha helical structure. Preliminary evidence however does suggests that the coiled-coil domain is functional and mediates interactions with the PKD2 protein (25) . If this interaction with PKD2 is physiological it further strengthens the predictions of polycystin's role in ion channel function. The functional significance of the Fugu coiled-coil is therefore unclear and analysis of its ability to interact with PKD2 would be interesting. Whether polycystin may require phosphorylation for activation is unknown as is the role of the highly conserved juxtamembrane region of the cytoplasmic tail but its location suggests an important functional role in either signalling, binding to cytoskeletal proteins or membrane targeting (26) .
An analysis of the likely 5′ and 3′ untranslated regions of the PKD1 gene and the intergeneic region between PKD1 and TSC2 identified no regions of conserved nucleotide sequence. However, a region of 90% identity over 31 nucleotides was identified in intron 1 (Fig. 1) . Its possible function is unknown but analysis by RT-PCR provided no evidence for it representing part of an additional transcribed exon. It remains to be determined whether it may have some regulatory role in PKD1 gene expression but such regulatory sequences may be highly conserved and have been successfully identified using sequence comparison between Fugu and human (10) .
Comparative analysis of the PKD1 gene and its protein product, polycystin, has been successfully employed to confirm and modify previous structural predictions and also to identify highly conserved regions that may function as regulatory sequences or highlight new, unique domains. It is anticipated that this study will allow the rational design of further reagents to study the in vivo function of polycystin.
MATERIALS AND METHODS
Fugu DNA and RNA
Fugu cosmid clones were identified as previously described (11) . Fugu RNA samples were prepared using guanidium thiocyanate-phenol-chloroform extraction (27) and first strand synthesis and RT-PCR reaction were carried out according to standard protocols (28) using Fugu PKD1 specific primers.
Sequencing
To prepare random subclone libraries cosmid DNA was purified and sonicated, and the resultant DNA fragments end-repaired, size selected, and ligated to blunt-ended M13 cloning vector as described (29) . Electrocompetent Escherichia coli were transformed with the ligation and plated onto agar plates. Clones providing single-stranded M13 templates were purified using the ThermoMAX modified PEG/Triton protocol (30) . DNA templates were sequenced using fluorescent dye-primer cycle sequencing with Sequitherm DNA polymerase (31) . Fluorescent sequencing reactions were electrophoresed on ABI 373A Sequencers equipped with the Stretch upgrade, and the sequence data were automatically collected and analysed (29) . DNA sequence data were automatically processed using the OTTO script (L. Hillier, unpublished), which performs quality evaluation, vector excision, and initial assembly. Base-calling and sequence assembly also was performed using PHRED and PHRAP (P. Green, unpublished). Sequence was manually edited using the XBAP interface (32) . Sequence gaps were closed, the sequence was double-stranded and ambiguities resolved.
Database searches and computer analysis
Sequence, structural and domain homology searches were carried out using BLAST, FASTA and Prosearch. Other analyses were performed as described in the text.
The Fugu PKD1 sequence has been submitted to Genbank under accession numbers AFO13613 and AFO13614.
